Pro-inflammatory cytokines participate in the induction of ischemic stroke. So far, their participation in the cerebral ischemia was proven for the tumor necrosis factor TNF-α, interleukin-1 (IL-1), and interleukin-6 (IL-6). The release of the pro-inflammatory cytokines into the extracellular space causes the enlargement of the brain damage region, and consequently increases the neurological deficit and negatively affects the survival rate prognoses. That is confirmed by the increased concentration of proinflammatory cytokines in blood and the cerebrospinal fluid of patients with brain stroke, as well as by the research on the induced/experimental cerebral ischemia in animals. The pro-inflammatory cytokines participate in the migration of the reactive T lymphocytes to the regions of brain ischemia where they enhance the nerve tissue damage by down-regulation of microcirculation, induce the pro-thrombotic processes and release other neurotoxic cytokines. Also, in the early stage of cerebral ischemia, cytokines activate the axis hypothalamus-pituitary gland-adrenal cortex and increase the cortisol concentration in blood, what results in the decreased resistance to infectious diseases. Administration of the inhibitor of the interleukin-1 receptor (IL-1Ra) inhibits the inflammatory processes in the region of brain ischemia, and subsequently improves the prognosis for the size of the neurological deficit and the survival rate, as well as resistance to infectious diseases.
INDUCTION OF INFLAMMATORY PROCESSES IN THE CENTRAL NERVOUS SYSTEM IN THE COURSE OF ISCHEMIC STROKE
During the ischemic stroke, the participation in the induction of inflammatory processes was proven for the pro-inflammatory cytokines, such as: tumor necrosis factor-α (TNF-α), interleukin (IL-1) (existing in two forms IL-α and IL-β), and interleukin-6 (IL-6). Few reports indicate also the possible participation of IL-8 (chemokines, CXCL8) in ischemic stroke, which is produced in site of ischemia by the damaged tissue. In peripheral blood mononuclear cells (PBMC), the activity of IL-8 mRNA is increased after the stroke. The serum concentration of IL-8 increases after the stroke and remains elevated up to 1 month (Kostulas et al., 1998) . The research has shown the increased concentration of the pro-inflammatory cytokines in blood and cerebrospinal fluid (Maas et al., 2009) , and TNF-α in the region of the brain infarct (Sairanen et al., 2001; Dziewulska et al., 2003) . In the explanation of that mechanism a significant contribution was provided by Polish scientists -Prof. Zaremba and Prof. Losy, who in 2001 and subsequent years, pointed to the significance of the proinflammatory cytokines for brain stroke Zaremba et al., 2004) . Concentration of these compounds in the intercellular space in the course of the cerebral ischemia increases by factor 40-60 Clausen et al., 2005; Clausen et al., 2008) . Up to this date, there are only few reports on the role of anti-inflammatory cytokines in ischemic stroke. The published reports concern mainly the interleukin-10 (IL-10) (Basic Kes et al., 2008; Singh et al., 2013; Nayak et al., 2009) . It is supposed that during the initial few hours the balance between the pro-and anti-inflammatory interleukins is disturbed due to the increased release of the pro-inflammatory cytokines and decreased release of IL-10. Researchers agree that concentration of this interleukin during initial hours of the stroke might be decreased (Singh et al., 2013; , Nayak et al., 2012) . Nayak A et al have proved the decrease of the IL-10 concentration in the serum during the initial 24 h of the stroke, although it has increased after 72 and 144 hours in patients who have clinically improved (Nayak et al., 2009) . Simultaneously, in the early stages of the stroke, research showed the decrease in the concentration of the anti-inflammatory cytokine -IL-10, which is produced by leukocytes and macrophages originated from the blood monocytes (Basic Kes et al., 2008) .
The activity of IL-6 is complex and still not fully known. The research on IL-6 has shown the correlation between the high concentration of that cytokine at early stages of the stroke (first 24 hours at the end of the first week) and the intensity of the infarct and the area of the brain infarct (Fassbender et al., 1994; Waje-Andreassen et al., 2005; Smith et al., 2004; Smith et al., 2004) . Interleukin-6 reveals both pro-and antiinflammatory action (ambivalent effects). In stroke patients, concentration of IL-6 in blood is higher and is independent of the infarct volume, stroke severity, age, and risk factors for recurrent stroke (Smith et al., 2004; Smith et al., 2004; Whiteley et al., 2009 ). IL-6 can function as a pro-inflammatory cytokine by enhancing leukocyte recruitment by up-regulating the production of U n c o r r e c t e d P a p e r i n P r e s s Paper in Press, No 2013_452 Vol. 60, 2013 on-line at: www.actabp.pl chemokines and adhesion molecule expression (Taga et al., 1997) . IL-6 also serves as an anti-inflammatory cytokine by inhibiting the TNF-α expression and inducing the expression of soluble TNF-α receptors and the IL-1R antagonist (Benveniste et al., 1995) . It is known that the production of IL-6 might be induced by different molecules, such as IL-1, TNF-α, transforming growth factor-beta, and prostaglandins (PGs), as well as many other mediators such as β-amyloid, interferon-γ (IFN-γ), and IL-4, which potentially might affect these complex processes. There are reports on the neuroprotective activity of IL-6, probably by enhanced expression and activity of the A1 adenosine receptors, as well as on the participation of that cytokine in the neurodegeneration process and neuron death (Biber et al., 2008; Pizzi et al., 2004; Nelson et al., 2004; Conroy et al., 2004) . It is believed, that interleukin-6 plays an essential role in the post-stroke angiogenesis (Gertz et al., 2012) . As early as within the first hours of the brain infarct, the increasing concentration of the pro-inflammatory cytokines induces inflammatory processes, which increase the infarct area, and consequently the degree of neurological deficit, what might have a prognostic significance. Cytokines present at every stage of cerebral stroke reveal the pro-inflammatory and pro-thrombotic activity. Increased expression of TNF-α in the course of cerebral stroke activates the expression of the tissue factor and adhesive molecules for leukocytes, release of interleukin-1 (IL-1), nitrogen oxide, clotting factor VIII (von Willebrand factor), the factor activating blood thrombocytes and endothelin, but suppresses the thrombomodulin-protein C-protein S system, decreases the concentration of the tissue-plasminogen activator and release of the plasminogen activator inhibitor-1 (Tuttolomondo et al., 2008) .
Research of Tarkowski et al. on patients suffering from cerebral ischemic stroke has revealed the presence of TNF-α in the cerebrospinal fluid even 3 months after falling sick (Tarkowski et al., 1997) . Zaremba and Losy have confirmed the increased concentration of TNF-α in the cerebrospinal fluid during the initial 24 hours of the stroke, and have shown the correlation between this concentration and the infarct intensity. Results of the lately finished research have revealed the correlation between the concentration of IL-6 in the cerebrospinal fluid within the initial 6 hours of the cerebral ischemia and the size of the brain infarct determined in the 24-th hour (Beridze et al., 2011) . In 1995, Tarkowski et al. have found the increased concentration of IL-1β in the majority of the examined patients with brain stroke, which was also observed by other authors even in small brain infarct (Sun et al., 2009 ).
The research on the level of cytokines in blood does not provide such unequivocal results, and the reports are contradictory. Moreover, analyses of cytokines in the peripheral blood might but do not have to reflect the synthesis of cytokines in the central nervous system. In particular, the controversies focus on TNF-α. There are some reports not revealing the increase of the concentration of that cytokine after brain stroke (Basic Kes et al., 2008) . Montaner et al. have not revealed any significant elevation of the concentration of that cytokine in the blood serum after brain stroke during the initial 24 hours, although a correlation was shown between the concentration of that compound and changes in perfusion in PWI-MRI (MR Perfusion Weighted Imaging) (Montaner et al., 2003) . Although the role of interleukin-1β in animals in the experimental stroke is proven, there are no observations of the significant increase of its concentration in patients with brain infarct (Tarkowski et al., 1995; Emsley et al., 2007; Astrup et al., 1981) .
Many important results are obtained from research on animals. The animal model of ischemic stroke can be obtained by inducing the obliteration of the middle cerebral artery (Rodriguez-Mercado et al., 2012) . In humans, the sudden occlusion of the middle cerebral artery causes clinically severe neurological syndrome with the contralateral facial weakness, severe hemiparesis and hemisensory loss, homonymus hemianopia, global aphasia (dominant hemisphere) usually with cerebral edema manifested by the consciousness disturbances. In the experimental brain infarct in animals, the increased concentration of TNF-α and IL-1 is observed during the initial hours of ischemia, with the maximum reached between 12 and 24 hours, and remains elevated for few more days (Nayak et al., 2009; Fassbender et al., 1994; Smith et al., 2004; Smith et al., 2004) . Few reports on IL-6 have shown that in rats mRNA of that cytokine was significantly elevated already after 3 hours of infarct and remained elevated for 24 hours.
After severe cerebral ischemia (initial 7 days), a period of convalescence occurs, with the possible influence of cytokine IL-6 on angiogenesis (Gertz et al., 2012) . In small strokes (lacunar stroke), no significant elevation of concentration of pro-inflammatory cytokines in blood was found, what might be related to the lack of damage of the blood-brain barrier (BBB) (Licata et al., 2009) .
The effect of these cytokines on the evolution of the brain infarct depends on their increasing concentration in the peri-infarct region (penumbra) at the early stage of brain ischemia, what corresponds to the therapeutic window (less than 4.5 h), and that was found in humans and in animals in the experimental brain stroke. The peri-infarct region (penumbra) is defined as a region directly surrounding the stroke core, in which the blood flow is lowered and the activity of the neurons is impaired, but the structural integrity of cells is maintained (Astrup et al., 1981) . During the stroke evolution, the dynamically changing penumbra might either return to the regions of brain with the proper functioning or become a region of the complete ischemic stroke. TNF-α and interleukin 1-β are the first cytokines released before the manifestation of the inflammation symptoms and induce the synthesis of subsequent pro-inflammatory cytokines such as IL-6 or chemokines. Research on animals has shown that in penumbra, TNF-α and IL-1 are synthesized by microglia cells, intrathecal macrophages and migrating macro- U n c o r r e c t e d P a p e r i n P r e s s phages (originated from the blood monocytes), but IL-6 is synthesized by microglia cells and neurons Clausen et al., 2008) .
In the development of inflammatory processes in the central nervous system, an important role is played by the reactive lymphocytes T, migrating through the endothelium to the region of ischemia (Becker et al., 2001; Becker et al., 1998) . Among the pro-inflammatory cytokines, a special role is played by interleukin-1β, which participates in the activation of the synthesis of IL-2 and induces the expression of its receptor. Moreover, IL-1β stimulates the synthesis of IFN-g and IL-6 by lymphocytes, macrophages, and endothelial cells and enhances the adhesion of lymphocytes T to the endothelial cells. Pro-inflammatory cytokines induce the expression of such molecules as selectin E, intercellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1), as well as the activation of leucocytes. The adhesion proteins located on the surface of the endothelial cells, such as VCAM-1, participate in the penetration of the reactive lymphocytes T into CNS, since they are bound to the α4β1 integrin (VLA-4) located on the lymphocyte surface. Leucocytes appearing in the regions of the cerebral ischemia enhance damage of the nervous tissue, since they adhere to endothelium, what impairs the brain blood flow. The lymphocytes activated in the regions of the brain ischemia release subsequent neurotoxic cytokines, proteolytic enzymes and compounds contracting the vessels, and induce the expression of pro-clotting factors in endothelial cells. These processes intensify the local brain ischemia (Becker et al., 2001; Becker et al., 1998) . Pro-inflammatory cytokines released during brain ischemia cause the lesion of the blood-brain barrier, what results in the exposition of some antigens of the central nervous system to the activity of the peripheral immune system, which recognizes these antigens (eg. S100 protein) as the strange ones and induces the inflammatory response in the peripheral blood with cytokines produced by leucocytes (Becker et al., 2001; Becker et al., 1998) .
Perspectives of new anti-inflammatory therapies of cerebral ischemic stroke
In ischemic stroke, TNF-α plays a crucial role in brain damage. In a mouse model of focal ischemic stroke, in cultured cells, an analog of thalidomide -3,6-dithiothalidomide (3,6-DT) is a selective inhibitor of TNF-α synthesis, suggesting that 3,6-DT has an anti-inflammatory effect (Yoon et al., 2013) . Administration of 3,6'-DT within the first 3 hours after the stroke onset reduced the infarct volume, neuronal death, and neurological deficits. Thalidomide was effective only when administered prior to the stroke. Neuroprotection was accompanied by a decreased inflammation; 3,6'-DT-treated mice exhibited the reduced expression of TNF-α, interleukin-1β, and inducible nitric oxide synthase; reduced numbers of activated microglia/macrophages, astrocytes, and neutrophils; and reduced expression of intercellular adhesion molecule-1 in the ischemic brain tissue. The 3,6'-DT treatment attenuated stroke-induced disruption of the blood-brain barrier by a mechanism that appears to involve suppression of matrix metalloproteinase-9 and preservation of occludin. Treatment with 3,6'-DT did not reduce the ischemic brain damage in mice lacking TNF-α receptors, consistent with a critical role for suppression of TNF-α production and TNF-α signaling in the therapeutic action of 3,6'-DT. Already within the initial hours of cerebral ischemic stroke, the increase of the concentration of pro-inflammatory cytokines in serum, including IL-6 occurs. Increase in the concentration of IL-6 correlates with the area and severity of the stroke and its clinical outcome (Basic Kes et al., 2008 , Switzer et al., 2012 . Results of Switzer and coworkers (Switzer et al., 2012) suggest that the administration of minocycline in the acute stage of the stroke decreases the IL-6 concentration. Minocycline suppresses the activation of neutrophils, macrophages and microglia cells. Since the research of Switzer et al. (Switzer et al., 2012) has not been randomized, it should be continued.
MECHANISM OF DECREASED PERIPHERAL IMMUNITY IN PATIENTS WITH ISCHEMIC STROKE
Infectious diseases in patients suffering from cerebral ischemic stroke occur more frequently than in healthy humans, and constitute a frequent complication of the main disease. That is influenced by different external factors, such as patient immobilization, bronchial toilet, catheterization of the urinary bladder and other. Among these factors are also: pneumonia, inflammation of the urinary tracts, and skin inflammation. Nowadays it is known that in this group of patients a decrease of the peripheral immunity is observed, what results in an increased susceptibility to infectious diseases. The reason leading to such effect is the increase in the concentration of the pro-inflammatory cytokines in the central nervous system and in blood in the course of cerebral ischemic stroke.
In 2001 the research of Boutin and coworkers (Boutin et al., 2001 ) conducted on mice revealed that the administration of the recombinant antagonist of the IL-1 receptor into the ventricular system caused the significant decrease of the area of the brain infarct. In 2005, the research by Emsley et al. revealed a decrease of the markers of the biological activity such as the amount of neutrophiles and leucocytes in the peripheral blood and a decrease of the concentration of C-reactive protein (CRP) and IL-6 in patients treated with the inhibitor of the IL-1 receptor (rhIL-1Ra) (Emsley et al., 2005) . After 3 months from the date of the IL-1Ra administration, patients with cortical stroke were in better neurological state than those receiving placebo. The administration of IL-1Ra either peripherally or into the ventricular system, significantly decreased the neuronal damage in transient or chronic occlusion, of the middle cerebral artery, complete brain ischemia, intraperitoneal hypoxia/ischemia, traumatic excytotoxicity, hemorrhage, or heart stroke. The best neuroprotective effect was achieved when IL- U n c o r r e c t e d P a p e r i n P r e s s 1Ra was administered during the initial 3 hours of occlusion of the middle cerebral artery occurrence, 8-12 hours for complete brain ischemia and the brain injury. Administration of IL-1Ra caused a decrease of the area of brain damage, better neuron survival rate, decrease of the cerebral edema and invasiveness of the peripheral immunological cells.
Current results of Smith and coworkers (Smith et al., 2005) suggest that at the early stage of cerebral ischemic stroke, there is an increase in the concentration of IL-1, IL-6, C-reactive protein (CRP) and activation of the axis hypothalamus-pituitary gland-adrenal cortex (Ormstad et al., 2011) . High blood concentration of CRP and IL-6 correlates with the extensiveness of the brain damage region and neurological symptoms (Smith et al., 2005; Ormstad et al., 2011) . The authors have shown that activation of the axis hypothalamus-pituitary gland-adrenal cortex co-exists with the increase of the cortisol concentration in blood, what seems to be the reason for decreased immunity (Emsley et al., 2008) . That process accompanies the increased production of IL-1 and TNF-α. Since IL-1 is strongly involved in pathophysiology of the cerebral ischemia and affects the congenital immunity, Smith et al. (2005) have conducted their research with the exogenous administration of inhibitor of the IL-1 receptor (IL-1Ra) in the experimental cerebral ischemic stroke. Administration of IL-1Ra resulted in the significant decrease of the brain damage region in the cerebral ischemia, correlated with a decrease of the cortisol concentration in blood, what seems to be related to the reversibility in the immunity suppression. Currently, the research is conducted (II phase) in patients with ischemic stroke, who are intravenously treated with IL-1Ra. Unfortunately, so far the effect of IL-1Ra on the leukocyte-dependent peripheral immunity remains unknown. Research by the mentioned authors brings hope that in the future there will be a chance of treating patients with cerebral ischemic stroke by means of the administration of the IL-1 receptor inhibitor, and consequently a decrease of the neurological deficit, improved prognosis as to survival, and a decrease of incidences of infectious diseases.
